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The cytoplasmic domains of ClC chloride chan-
nels and transporters are ubiquitously found in
eukaryotic family members and have been sug-
gested to be involved in the regulation of ion
transport. All cytoplasmic ClC domains share
a conserved scaffold that contains a pair of
CBS motifs. Here we describe the structure of
the cytoplasmic component of the human chlo-
ride channel ClC-Ka at 1.6 A˚ resolution. The
structure reveals a dimeric organization of the
domain that is unusual for CBSmotif containing
proteins. Using a biochemical approach com-
biningmutagenesis, crosslinking, andanalytical
ultracentrifugation, we demonstrate that the
interaction interface is preserved in solution
and that the distantly related channel ClC-0
likely exhibits a similar structural organization.
Our results reveal a conserved interaction inter-
face that relates thecytoplasmicdomainsofClC
proteins and establish a structural relationship
that is likely general for this important family of
transport proteins.
INTRODUCTION
The ClC chloride channels and transporters constitute
a large family of membrane proteins that is involved in
diverse physiological processes ranging from electrical
signaling to epithelial transport and the acidification of
intracellular organelles (Jentsch et al., 2005). All eukaryotic
family members share a conserved molecular architecture
that consists of a complex transmembrane transport
domain that is followed by a cytoplasmic domain (Dutzler,
2006; Dutzler et al., 2002). This cytoplasmic component
contains a pair of CBS motifs, small protein domains that
were named after the enzyme cystathionine b-synthetase
(Bateman, 1997). CBS motifs usually occur as tightly inter-
acting pairs and are found to constitute regulatory
domains in different protein families such as kinases,
membrane transporters, and enzymes (Biemans-Oldehin-
kel et al., 2006; Ignoul and Eggermont, 2005). For example,
in the AMP-dependent protein kinase, a regulatory domainStructure 15,composed of four consecutive CBS motifs binds adeno-
sine nucleotides and is suggested to regulate the catalytic
activity of the enzyme in response to changing nucleotide
concentrations (Scott et al., 2004; Townley and Shapiro,
2007). Although their role in certain enzymes is well estab-
lished, the regulatory role within the ClC family is less clear.
Different experiments, however, have suggested that
in the ClC family, these domains play a key role in the
regulation of transport in response to intracellular signals
(Bennetts et al., 2005; Maduke et al., 1998; Meyer et al.,
2007).
We have previously reported the structures of the
cytoplasmic domains of the voltage-dependent chloride
channel ClC-0 from Torpedo marmorata and of the human
transporter ClC-5 (Meyer and Dutzler, 2006; Meyer et al.,
2007). Both domain structures allowed the structural
characterization of the cytoplasmic components of ClC
proteins. The structure of the cytoplasmic domain of
ClC-5 additionally revealed insight into its specific interac-
tion with nucleotides, and therefore established the basis
of nucleotide recognition by certain ClC family members
(Meyer et al., 2007). Two questions that could not be clar-
ified in the previous structures concerned the oligomeric
organization of the cytoplasmic domains and whether
the specific interaction with nucleotides extends to other
members of the family. In order to clarify these two ques-
tions and to gain insight into the structural organization of
other ClC family members, we have investigated the cyto-
plasmic domain of the human ClC channel ClC-Ka. The
two highly homologous channels ClC-Ka and ClC-Kb
are distantly related to the muscle-type ClC channels
ClC-0, ClC-1, and ClC-2 (Jentsch et al., 2002). Both chan-
nels are expressed in epithelia of the kidney and the inner
ear, with mutations causing hereditary renal diseases and
deafness (Jentsch et al., 2002). The ClC-K channels have
unique regulatory properties and were identified to tightly
interact with their b subunit Barttin, a putative transmem-
brane protein (Estevez et al., 2001).
Here we present the structure of the cytoplasmic
domain of the human channel ClC-Ka at 1.6 A˚ resolution.
The crystal structure revealed an interaction mode be-
tween two protein chains in a homodimeric molecule
that is distinct from interactions seen in CBS motif con-
taining domains from other protein families. A similar orga-
nization, however, was previously found in crystals of the
cytoplasmic domain of the human transporter ClC-5. The715–725, June 2007 ª2007 Elsevier Ltd All rights reserved 715
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Structure of the Cytoplasmic Domain of ClC-KaFigure 1. Structure of the Cytoplasmic Domain of ClC-Ka
(A) Structure-based sequence alignment of the cytoplasmic domains of the ClC channels ClC-Ka, ClC-1, ClC-0, and the ClC transporter ClC-5. Iden-
tical residues are colored in red, similar residues in violet. Residues of the linker of ClC-Ka that lack electron density are colored in gray. Secondary
structure and numbering (ClC-Ka) are indicated above and below the sequences, respectively. The linker regions and the C peptides of all regions
except ClC-Ka have been omitted (XXX). Residues involved in the observed dimer interface of ClC-Ka are highlighted in green, residues involved in
a putative head-to-tail interface are highlighted in gray. The R helix preceding the domain is included in the alignment. The first residue of the crys-
tallized product is highlighted (#). ‘‘c’’ marks the residue in ClC-Ka and ClC-0 used for crosslinking. The residues mutated for analytical ultracentri-
fugation studies in ClC-Ka and ClC-0 are indicated by ‘‘k’’ and ‘‘0,’’ respectively; h,H. sapiens; t, T. marmorata; hClC-Ka, GenBank accession number
P51800; hClC-1, GenBank accession number M97820; tClC-0, GenBank accession number X56758; hClC-5, GenBank accession number
116734718.
(B) Stereo view of a Ca trace of the ClC-Ka domain. Selected residues are labeled according to their position in the hClC-Ka sequence.716 Structure 15, 715–725, June 2007 ª2007 Elsevier Ltd All rights reserved
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Structure of the Cytoplasmic Domain of ClC-Kahigh resolution of the data allowed a detailed interpreta-
tion of the extended interface, which buries a number of
residues that are conserved among different members of
the ClC family. In an attempt to probe whether the interac-
tion interface found in the crystal is preserved in solution,
we disrupted dimerization by site-directed mutagenesis
and introduced specific crosslinks. Both experimental
strategies strongly suggest that the crystal structure is
representative of the interactions in solution. We subse-
quently extended our investigations to the cytoplasmic
domain of the channel ClC-0. The same approach allowed
us to demonstrate that ClC-0, whose oligomerization was
not revealed in its crystal structure, shows a similar struc-
tural organization. Finally, we extended the crosslinking
approach to full-length ClC-0, demonstrating that the
same disulfide bond that covalently links the two interact-
ing subunits can also be formed in the context of the trans-
membrane protein. Both features, the structural similarity
found in the dimeric structures of the cytoplasmic do-
mains of ClC-Ka and ClC-5 as well as the similar biochem-
ical behavior of the ClC-Ka and the ClC-0 domain, point at
a conserved interaction that is common to eukaryotic ClC
family members and that is likely preserved in the full-
length proteins where the domains are attached to the
transmembrane pore. Our data clarify the previously
ambiguous oligomeric structure of the cytoplasmic com-
ponents of ClC channels and transporters, and reveal
important insights into the structural organization of the
family.
RESULTS
The Structure of the ClC-Ka Domain
To gain insight into the structure of the cytoplasmic
domain of the human channel ClC-Ka, we have cloned
and expressed a fragment of the protein encompassing
residues 533–687 (Figure 1A). The construct includes the
entire domain followed by a protease cleavage site and
a hexahistidine tag that was cleaved off during purifica-
tion. This protein construct allowed us to grow crystals
of space group P21 diffracting to a resolution of 1.6 A˚.
The crystal structure was determined by the multiple iso-
morphous replacement method; it contains two protein
chains, 238 water molecules, one I ion, and three Cl
ions in the asymmetric unit (Table 1). The two protein
chains have similar conformations and are related by
2-fold noncrystallographic symmetry. Their structure is
well defined in the electron density, with the exception of
ten residues of the linker connecting the two CBS domains
and ten residues of the N terminus that are disordered.
Figure 1B shows the structure of the ClC-Ka domain.
The overall organization resembles the equivalent struc-
tures of ClC-0 and ClC-5. Similar to structurally homolo-Structure 15, 7gous protein domains, the two CBS subdomains (CBS1
and CBS2) are related by a pseudo-two-fold arrangement
and tightly interact via an interface formed by a pair of
b strands (Figure 1C). The N terminus preceding CBS1 is
similar in length and structure to the equivalent region of
the channel ClC-0, whereas it is elongated by five residues
in the nucleotide binding domain of the transporter ClC-5
(Figure 1A). The short linker region connecting the two
CBS subdomains, in contrast, differs from the respective
regions of both ClC-0 and ClC-5. Apart from 11 disordered
residues following CBS1, the linker forms a short helix (aL)
followed by a loop, both interacting with residues of CBS1
(Figures 1A and 1C). To investigate whether the cytoplas-
mic domain of ClC-Ka binds nucleotides, we collected
data from crystals that were grown in the presence of
5 mM ATP (Table 1). An Fo  Fc difference electron density
calculated after refinement of the model failed to show any
evidence of ATP binding (data not shown). A similar
approach revealed the specific interaction of nucleotides
with the cytoplasmic domain of ClC-5 (Meyer et al.,
2007). When comparing the structure of the nucleotide
binding region of ClC-5 with the equivalent structures of
ClC-0 and ClC-Ka, it is evident that the shorter N-terminal
loop as well as differences in residues in the binding site
would probably interfere with nucleotide binding.
Oligomeric Assembly of the ClC-Ka Domain
Analytical ultracentrifugation experiments of the ClC-Ka C
terminus revealed a dimeric organization in solution. A
similar sedimentation behavior was previously found for
cytoplasmic domains of ClC-0 and ClC-5, thus pointing
at a specific interaction of two cytoplasmic domains in
the dimeric ClC proteins (Meyer and Dutzler, 2006; Meyer
et al., 2007). In accordance with their assembly in solution,
a pair of interacting proteins each containing two CBS
motifs was found in the asymmetric unit of the ClC-Ka
domain crystals (Figure 1D). The high resolution of our
data allows a detailed analysis of the protein-protein inter-
face (Figure 2). This structural arrangement mainly
involves residues on the surface of CBS2 in each chain
of the homodimeric protein. The interactions lead to a
V-shaped oligomeric structure which puts the two CBS2
subdomains in close proximity with few mutual in-
teractions between the remote CBS1 counterparts (Fig-
ures 1D and 2B). The dimer buries 1530 A˚2 of the
combined molecular surface and includes more than 25
well-defined water molecules, some of which form a
continuous chain bridging a narrow tunnel on one end of
the interaction interface (Figures 2A and 2C). Apart from
H-bonding interactions between protein residues, which
in several cases are mediated by buried water molecules,
the bulk of the interactions are hydrophobic. Several
residues contributing to this interface are conserved(C) Ribbon representation of the ClC-Ka domain. The two CBS subdomains are colored in orange and cyan, respectively. Secondary structure
elements are indicated.
(D) Ca representation of the ClC-Ka domain dimer in two orientations. The relationship between the two views is indicated. The individual subdomains
are labeled and colored in orange and cyan, respectively.
Figures 1, 2, and 5 were prepared with DINO (http://www.dino3d.org).15–725, June 2007 ª2007 Elsevier Ltd All rights reserved 717
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Structure of the Cytoplasmic Domain of ClC-KaTable 1. Data Collection and Model Refinement Statistics
Data Collection
SeMet Native MeHg HgCl KI ClC-Ka ClC-Ka/ATP
Synchrotron Home Home Home Home Synchrotron Synchrotron
Space group P21 P21 P21 P21 P21 P21 P21
Cell dimensions a = 35.5,
b = 82.0,
c = 60.4
a = 35.2,
b = 83.1,
c = 59.8
a = 35.2,
b = 81.6,
c = 59.9
a = 35.4,
b = 83.6,
c = 59.4
a = 35.2,
b = 82.9,
c = 59.5
a = 35.3,
b = 83.4,
c = 58.9
a = 35.3,
b = 82.5,
c = 59.9
b 93.5 92.4 92.4 91.5 92.5 92.0 92.7
Wavelength (A˚) 0.979 1.542 1.542 1.542 1.542 1.0 1.0
Resolution (A˚) 50–3.0 50.0–2.6 50–2.8 15–3.5 15–3.0 50–1.6 50–1.8
Rsym 11.0 (22.2) 3.9 (12.4) 9.9 (37.3) 14.0 (27.6) 10.3 (27.6) 5.5 (27.8) 6.5 (24.3)
I/sI 10.7 (3.3) 18.2 (6.0) 8.4 (2.6) 7.2 (3.7) 10.0 (4.6) 16.9 (2.8) 17.8 (4.5)
Completeness (%) 93.4 (82.8) 95.5 (82.1) 89.8 (86.4) 90.0 (80.3) 99.3 (98.9) 96.9 (79.0) 98.0 (93.2)
Mosaicity () 1.08 0.84 1.01 1.56 1.24 0.44 0.54
Refinement
Resolution (A˚) Reflections Rwork/Rfree Atoms Average B factor Rmsd Bonds (A˚) Rmsd Angles (
)
ClC-Ka 15–1.6 43,605 20.0/21.8 2,573 30.0 0.004 1.1
ClC-Ka/ATP 15–1.8 31,140 20.0/22.7 2,573 32.9 0.004 1.2
Native was used as a native data set for phasing and initial stages of refinement. Rsym = SjIi  <Ii>j/SjIij, where Ii is the scaled
intensity of the ith measurement and <Ii> is the mean intensity for that reflection. Values for the highest resolution shell are given
in parentheses. Rwork = SjjFoj  jFcjj/SjFoj, where Fo and Fc are the observed and calculated structure factor amplitudes, respec-
tively. Rfree was calculated using a randomly selected 10% sample of the reflection data omitted from refinement.between different family members, thus suggesting that
this interaction is general also for other ClC channels
and transporters (Figures 1A and 2C). Indeed, a similar
dimerization mode has previously been identified in the
structure of the cytoplasmic domain of the transporter
ClC-5, whereas no two-fold relationship was found in
the crystals of the corresponding domain of ClC-0 (Meyer
and Dutzler, 2006; Meyer et al., 2007). The oligomeric
arrangement is unusual for CBS motif containing proteins,
which, although frequently found to dimerize, usually
interact via an extended interface formed by the four
helices a1 and a2 of the two CBS subdomains, in either
a ‘‘head-to-tail’’ or ‘‘head-to-head’’ arrangement (Miller
et al., 2004; Rudolph et al., 2007; Townley and Shapiro,
2007). The common head-to-tail arrangement, in which
the a helices of the subdomain CBS1 from one chain
form a four-helix bundle with the equivalent regions in
the subdomain CBS2 of the interacting protein, motivated
the postulation of a similar interaction mode in ClC-0
(Meyer and Dutzler, 2006).
Probing the Dimer Interface by Mutagenesis
To clarify whether the assembly in the crystals corre-
sponds to the dimer found in solution, we mutated residues
of the dimer interface to either stabilize the oligomeric
structure by crosslinking or alternatively to disrupt dimer-
ization. From the structure, we identified the residue Leu
650 to be located at the periphery of the interaction inter-
face in proximity to the two-fold axis (Figures 2B and 2C).718 Structure 15, 715–725, June 2007 ª2007 Elsevier Ltd All rigThe mutation L650C leads to the formation of an intersubu-
nit disulfide bond bridging the introduced cysteine resi-
dues under oxidizing conditions (Figures 3A and 3B). The
tight structural constraints to form this short covalent
bond are fulfilled in the observed dimer, whereas they
would be incompatible with a head-to-tail or head-to-
head arrangement of the two protein chains.
In a complementary approach, we introduced muta-
tions in residues buried in the dimer interface, aiming to
interfere with dimerization. Several mutants involving the
conserved leucine residues (Leu 651, Leu 647, Leu 633,
and Leu 635) that form the hydrophobic part of the interac-
tion interface failed to express soluble protein, probably
due to the fact that mutations of the bulky side chains
that also contribute to the hydrophobic core of each pro-
tein chain interfere with folding (Figure 2C). Similarly,
mutations of other interface residues (such as Thr 634,
Thr 639, Thr 659, and Ile 589) did not express soluble
protein either (Figure 2C). Mutants involving the interface
residue F636, whose side chain is not buried in the protein
and instead projects toward the dimer interface, in con-
trast, did not show any sign of precipitation. The mutant
F636D expressed soluble protein with a yield similar to
WT. An increase in the gel-filtration elution volume of this
mutant already hinted at a smaller molecular weight. The
subsequent quantification by analytical ultracentrifugation
confirmed that this mutation prevents oligomerization of
the domains and that the protein thus sediments as
a monomer (Figure 3C). While the mutation of a residuehts reserved
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Structure of the Cytoplasmic Domain of ClC-KaFigure 2. Structure of the Dimer Interface
(A) 2Fo  Fc electron density of the dimer interface. The density (calculated at 1.6 A˚ and contoured at 1s) is shown superimposed on selected residues
of the interface. Protein residues are shown as sticks, ordered water molecules as spheres.
(B) Stereo view of the ClC-Ka dimer. The protein is shown as a Ca trace; the molecular surface of one subunit was calculated with MSMS and is shown
superimposed (Sanner et al., 1996). The surface of the dimer interface is colored according to the conservation of the underlying residues: green,
strictly conserved; orange, homologous.
(C) Interaction interface. The view and the color code is similar to that in (B). Residues contacting the dimer interface are shown as sticks, buried water
molecules as red spheres. The surface shows the interaction interface of one subunit.involved in the observed dimer interface interferes with
oligomerization, a mutation that affects a residue that
would be involved in a head-to-tail or head-to-head inter-
face did not have any detectable influence on dimer
formation. The mutant A597D expresses soluble protein
that elutes with a volume similar to WT in gel-filtration
experiments and also shows similar sedimentation prop-
erties as WT (Figure 3C).
The conclusive correlation between structure and
biochemical behavior, as shown for the mutation L650C
that stabilizes the dimer by forming an intersubunit disul-
fide bond and the mutation F636D that prevents dimeriza-
tion, strongly suggests that the interface found in the
crystal structure is preserved in solution and is therefore
not an artifact of crystallization.
Conservation of the Dimer Interface in ClC-0
The strong conservation of residues in the interface and
the similarity of the dimeric structures of the domainsStructure 15, 7from ClC-Ka and ClC-5 motivated us to probe whether
the same intermolecular interactions found in ClC-Ka
would also be preserved in ClC-0. Although the ClC-0
domain robustly dimerizes in solution, its crystal structure
did not reveal its oligomeric organization (Meyer and
Dutzler, 2006). In analogy to the mutational analysis of
the ClC-Ka domain, we mutated equivalent residues in
ClC-0. The residue Leu 741 in ClC-0 is the structural equiv-
alent of the ClC-Ka residue Leu 650. As for the ClC-Ka do-
main, the mutation L741C forms an intersubunit crosslink
in the ClC-0 domain (Figures 4A and 4B), thus suggesting
that also in ClC-0, this residue is close to the symmetry
axis relating two protein chains. Mutations in two positions
in the putative dimer interface of the ClC-0 domain ex-
press soluble protein and were therefore subjected to
sedimentation studies. Mutations of the residues Phe
724 and Val 727, the structural equivalents of the ClC-Ka
residues Leu 633 and Phe 636, to arginine both severely
weaken the stability of the ClC-0 domain dimer, shifting15–725, June 2007 ª2007 Elsevier Ltd All rights reserved 719
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Structure of the Cytoplasmic Domain of ClC-KaFigure 3. Crosslinking and Analytical Ul-
tracentrifugation Experiments of ClC-Ka
Domain Mutants
(A) SDS-PAGE of the purified ClC-Ka domain
and the domain mutant L650C under oxidizing
(ox.) and reducing (red.) conditions. The molec-
ular weight of protein standards and the posi-
tions of the monomeric and dimeric proteins
are indicated. A model of the crosslinked
mutant is shown.
(B) ESI mass spectrometry experiments of the
ClC-Ka domain and the mutant L650C. The
samples were prepared under oxidizing condi-
tions. The His6 tag was not cleaved off during
the experiment. The measurement was within
4 Da of the predicted molecular mass.
(C) Distribution of the sedimentation coefficient
(c[S]) as calculated from sedimentation veloc-
ity experiments for the WT ClC-Ka domain
and the domain mutants F636D and A597D.
The oligomeric state (m, monomer; d, dimer)
is indicated. A view along the two-fold axis
shows the position of the residue Phe 636 in
the dimer interface.the dissociation constant to larger values (Figures 4C
and 4D). The mutations K567A and A766R, involving
residues that would be part of a possible head-to-tail
interface, in contrast, do not have a strong effect on
oligomerization in solution, consistent with the assump-
tion that the ClC-0 dimer shares the same interaction inter-
face found in the crystals of the domains of ClC-Ka and
ClC-5. Finally, we probed whether a similar crosslink as
found for the mutant L741C in the ClC-0 domain could
also be formed in the context of the full-length protein.
We have expressed full-length ClC-0 and the point mu-
tant L741C as hexahistidine fusion proteins in Xenopus
laevis oocytes and have investigated the formation of a
covalent crosslink of the protein in the membrane under
oxidizing conditions following detection by SDS-PAGE
and western blot using an anti-His6 antibody (Figure 4E).
Also in this case, the mutant L741C allows the formation
of a selective crosslink between two protein chains, indi-
cating that the dimeric structure of the isolated domains
in solution is preserved in the full-length transmembrane
protein.720 Structure 15, 715–725, June 2007 ª2007 Elsevier Ltd All rigDISCUSSION
Ion transport proteins frequently contain cytoplasmic reg-
ulatory units that are attached to the transmembrane cat-
alytic domains and that regulate ion transport in response
to cellular signals. Such cytoplasmic units are ubiquitously
found in eukaryotic members of the ClC family of Cl
channels and transporters. Although their detailed role in
most family members is to date still unknown, increasing
experimental evidence points to an involvement in trans-
port regulation, in certain cases in response to the interac-
tion with adenosine nucleotides (Bennetts et al., 2005;
Meyer et al., 2007; Vanoye and George, 2002). Two recent
crystal structures of the cytoplasmic domains of ClC-0 and
ClC-5 revealed the structural organization of these do-
mains from two representative family members (Meyer
and Dutzler, 2006; Meyer et al., 2007). However, the olig-
omeric assembly that relates these putative regulatory
components to the dimeric transmembrane pore re-
mained ambiguous. This ambiguity could now be clarified
by the structure of the equivalent region of the channelhts reserved
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Structure of the Cytoplasmic Domain of ClC-KaFigure 4. Oligomerization in the Channel ClC-0
(A) SDS-PAGE of the purified ClC-0 domain and the domain mutant L741C under oxidizing (ox.) and reducing (red.) conditions. The molecular weight
of protein standards and the positions of the monomeric (m) and dimeric (d) proteins are indicated.
(B) ESI mass spectrometry experiments of the ClC-0 domain and the mutant L741C. The samples were prepared under oxidizing conditions. The His6
tag was not cleaved off during the experiment. The measurement was within 7 Da of the predicted molecular mass.
(C) Distribution of the sedimentation coefficient (c[S]) as calculated from sedimentation velocity experiments of the WT ClC-0 domain and of mutants
at different protein concentrations. The oligomeric state (m, monomer; d, dimer) is indicated.
(D) Dimer affinity. The fraction of dimeric protein (calculated from the integration of the respective peaks in [C]) is plotted against the protein concen-
tration. Kd was calculated by a fit of the data to the equation fdimer = 1/(c/Kd + 1), where fdimer is the fraction of the dimeric protein and c is the protein
concentration. The respective Kds are: WT = 21 mM (—), K567A = 15 mM (-$$-), A766R = 28 mM (-$-), F724R = 87 mM (- - -), V727R = 103 mM ($$$).
(E) Crosslinking of the full-length ClC-0 and the mutant L741C. The protein was expressed as a His6 fusion protein in X. laevis oocytes, and crosslinked
in its membrane environment under oxidizing conditions. The membrane fraction was separated by SDS-PAGE and detected by western blot using an
anti-His6 antibody. The oligomeric states (m, monomer; d, dimer) are indicated. The position of the respective molecular weight markers is indicated
on the left (ox., oxidation by incubation in 100 mM sodium tetrathionate at 4C for 30 min; red., subsequent reduction of the sample after oxidation).ClC-Ka in conjunction with biochemical data. The cyto-
plasmic domain of the channel ClC-Ka is a homodimer
of two structurally similar CBS motif containing proteins.Structure 15, 7Each subunit exhibits an organization that is common to
proteins with a similar fold. Unlike its counterpart in the
transporter ClC-5, the ClC-Ka domain does not interact15–725, June 2007 ª2007 Elsevier Ltd All rights reserved 721
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Structure of the Cytoplasmic Domain of ClC-Kawith adenosine nucleotides. As the equivalent structure of
the channel ClC-0 has no affinity for nucleotides either, it
remains an important question whether there might be
yet undiscovered ligands that bind to the cytoplasmic
domains of certain ClC family members and thereby influ-
ence the functional behavior of these transport proteins.
As ClC-K channels were found to interact with their auxil-
iary b subunit Barttin, which itself is a putative transmem-
brane protein, another unresolved question concerns
a possible interaction between the large cytoplasmic
component of Barttin and the cytoplasmic domain of
ClC-Ka (Estevez et al., 2001; Scholl et al., 2006). As the
functional behavior of ClC-K channels are to date only
poorly characterized, it is not a surprise that we currently
lack detailed information on the functional role of their
cytoplasmic components.
Apart from its high-resolution structure, the main impor-
tant feature discovered in this study concerns the oligo-
meric organization of the ClC-Ka domain, which is likely
general for other members of the family. The structure
reveals a conserved interaction interface that relates two
protein chains by a two-fold symmetric arrangement.
The intermolecular interactions are predominantly formed
between residues of the CBS2 motifs and bury more than
1500 A˚2 of the combined molecular surface. When includ-
ing coordinated water molecules, most of which are found
in a narrow tunnel crossing the interface, the contact sur-
face increases to 2000 A˚2. Several observations suggest
that the intermolecular interactions are preserved among
ClC proteins, as follows. (1) The dimeric relationship in
the ClC-Ka domain is very similar to an assembly found
in the previously determined ClC-5 domain structure
(Meyer et al., 2007). The 2-fold related CBS2 subdomains
of the respective dimers superimpose with a root-mean-
square deviation (rmsd) of only 1.4 A˚, and several residues
contributing to the interface are conserved in sequence
and structure (Figures 1A and 5A). (2) Biochemical exper-
iments from this study show strong evidence that the olig-
omeric structure of the ClC-Ka domain represents its
structure in solution, and similar experiments in ClC-0
strongly suggest that a pair of cytoplasmic domains of
this distantly related channel share the same interaction
interface. (3) Crosslinking experiments on full-length
ClC-0 in its membrane environment indicate that the
observed assembly is also preserved in the context of
the transmembrane channel.
The dimeric structures of the cytoplasmic ClC domains
are unusual and do not resemble common interaction
modes found in other proteins that share a similar fold
(Miller et al., 2004; Rudolph et al., 2007; Townley and
Shapiro, 2007). These head-to-head or head-to-tail
dimers, which we summarize as ‘‘conventional inter-
faces,’’ usually interact via a flat surface formed by the
two a helices of each CBS subdomain. Conventional inter-
faces usually bury a larger surface between 3300 and
4300 A˚2 and confer a disk-like appearance to the protein
assembly (Figure 5B). Two predominant features distin-
guish cytoplasmic ClC domains from other CBS motif
containing proteins, as follows. (1) The chemical features722 Structure 15, 715–725, June 2007 ª2007 Elsevier Ltd All riof the interface defined in the ClC family are not preserved
in proteins that oligomerize as ‘‘conventional dimers’’ and
vice versa. The respective interfaces thus exhibit a greater
degree of sequence conservation and larger hydrophobic
patches. (2) The helices of proteins forming conventional
dimers are positioned to allow a snug fit upon dimeriza-
tion, resulting in extensive interactions between both sub-
domains. Although the individual CBS motifs are generally
similar in structure, a difference in their arrangement with
respect to each other prevents the formation of an equally
large interface for the respective ClC domains. For exam-
ple, in the case of the cytoplasmic domain of the channel
ClC-Ka, this conformational difference is most pro-
nounced (Figure 5B). A partial structure including both
CBS motifs superimposes with an rmsd of more than
4.6 A˚ with the respective regions of the conventional di-
mer, forming protein TM0935 from Thermotoga maritima
(whereas the individual CBS motifs of the two proteins
would superimpose with an rmsd of only 1.8 A˚ and 1.2 A˚,
respectively) (Miller et al., 2004). A similar oligomerization
of the ClC-Ka domain would therefore only bury about
1800 A˚2 of the common molecular surface as compared
to more than 4300 A˚2 in the case of TM0935.
The considerably smaller interaction interface found in
the structures of the cytoplasmic domains of ClC proteins
might reflect the necessity to undergo conformational
changes upon transport regulation (Pusch et al., 1997).
Such a conformational change has recently been ob-
served in the channel ClC-0. Using Forster resonance
energy transfer spectroscopy, the authors of the study
described a distance increase between the two C termini
in the dimeric channel of more than 20 A˚ upon common
gate closure, a regulatory mechanism which affects
both subunits of the homodimeric protein (Bykova et al.,
2006; Miller, 1982). Although the structure of the ClC-0 do-
main was previously determined, its oligomeric organiza-
tion was not revealed by the crystal structure (Meyer and
Dutzler, 2006). When generating a dimeric assembly of
the ClC-0 domain using the ClC-Ka domain structure as
a template, the resulting dimer shows an interesting
feature: despite an overall fit, a dimeric organization as
seen in ClC-Ka or ClC-5 appears to be prevented by the
local conformation of the protein at the beginning of
strand b1. This region contains a sequence stretch that
is conserved in ClC-5 and most other ClC proteins
(although not in ClC-Ka). The conserved SPF motif (involv-
ing the residues Ser 722, Pro 723, and Phe 724 in ClC-0)
is well defined in the equivalent region of the transporter
ClC-5 but differs in its conformation with respect to
ClC-0 (Figure 5C). We have shown that a mutation of
Phe 724 destabilizes dimerization in the ClC-0 domain,
thereby underlining its role in the interaction interface
(Figures 4C and 4D). It thus remains to be shown
whether this conformational difference in ClC-0 could
represent an alternative conformation that would lead
to a change in the dimeric assembly as seen during
common gating.
In this study, we have described the dimeric structure of
the cytoplasmic domain of the human channel ClC-Ka,ghts reserved
Structure
Structure of the Cytoplasmic Domain of ClC-KaFigure 5. Structural Comparison of ClC
Cytoplasmic Domains
(A) Stereo view of a superposition of the ClC-
Ka domain dimer (red) and the ClC-5 domain
dimer (green). The superposition was gener-
ated by a least-square fit of the two CBS2
subdomains of the respective dimer. The
structures are shown as Ca traces.
(B) Stereo view of a Ca trace of the head-to-tail
dimer of the protein TM0935 from T. maritima
(cyan). The structure of a Ca trace of a single
subunit of the cytoplasmic domain from ClC-
Ka is shown superimposed (red). The superpo-
sition was generated by a least-square fit of the
respective CBS2 subdomain of ClC-Ka on the
CBS2 subdomain of a single subunit of
TM0935.
(C) Superposition of the cytoplasmic domains
from ClC-0 (orange) and ClC-5 (green). A
section of a single subunit around b strand 1
of CBS2 close to the dimer interface is shown.
The view is approximately along the dimer axis.
Selected residues including the conserved
SPF motif (Ser 722, Pro 723, and Phe 724 in
ClC-0) are shown as sticks.
(D) Possible relationship in the full-length ClC
protein. Ca trace of the EcClC dimer and the
dimeric structure of the cytoplasmic domain
of ClC-Ka are shown. The subunits are colored
in blue and green, respectively. Bound ions in
the EcClC structure are shown as red spheres.
The exact relationship between the two com-
ponents is currently unknown.and have shown evidence that the observed intermolecu-
lar interaction is conserved within members of the ClC
family. It is very likely that this quaternary arrangement is
preserved in the context of the full-length proteins (Figures
4D and 5D). The next challenging step is to relate these
cytoplasmic components to the transmembrane pore
and reveal how changes in the domain conformation are
transmitted to influence the catalytic unit. With the current
study, we provide a structural framework for future inves-
tigations which may shed light on these poorly understood
mechanisms.Structure 15, 71EXPERIMENTAL PROCEDURES
Protein Preparation
For expression in Escherichia coli, the cytoplasmic domain of the
channel ClC-Ka from Homo sapiens (GenBank accession number
P51800) encompassing residues 533–687 was cloned into the
pET28-b+ vector (Novagen) with a C-terminal recognition site for Pres-
cission protease (GE Healthcare) and a hexahistidine tag. E. coli BL21
(DE3) cells transformed with the expression construct were grown at
37C in Luria broth medium containing 50 mg/l kanamycin to an
OD600 of 1.5. Expression was induced by addition of 0.5 mM
isopropyl-D-thiogalactopyranoside (IPTG) at 20C overnight. Cells5–725, June 2007 ª2007 Elsevier Ltd All rights reserved 723
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200 mM NaCl, 5 mM b-mercaptoethanol, 1 mg/ml lysozyme, 20 mg/ml
DNase, 1 mg/ml leupeptin, 1 mg/ml pepstatin, and 1 mM phenylmethyl
sulfonyl fluoride (PMSF). The lysate was cleared by centrifugation and
the protein was purified by affinity chromatography on a nickel chelat-
ing Sepharose column (GE Healthcare). The pure protein was cleaved
with Prescission protease (GE Healthcare) to remove the hexahistidine
tag and dialyzed into TBS buffer (10 mM Tris-HCl [pH 7.5], 200 mM
NaCl, 5 mM b-mercaptoethanol). After concentration, the protein
was subjected to gel filtration on a Superdex 200 column (GE Health-
care). For preparation of selenomethionine-labeled protein, the
bacterial culture was grown in minimal medium containing 50 mg/l
Se methionine. The cytoplasmic domain of ClC-0 from T. marmorata
was cloned into the pET28-b+ vector (Novagen) with a C-terminal rec-
ognition site for Prescission protease (GE Healthcare) and a hexahisti-
dine tag and was expressed and purified as previously described
(Meyer and Dutzler, 2006). Mutations were inserted with the Quik-
Change method (Stratagene) and confirmed by sequencing. Mutant
proteins were purified following the same protocol as for WT. For
crosslinking studies, the respective disulfide bridges formed spon-
taneously upon exposure to air and were reduced by addition of
250 mM b-mercaptoethanol. The proteins were analyzed by SDS-PAGE,
and molecular masses were confirmed by electrospray ionization
(ESI) mass spectrometry.
Crystallization and Crystal Preparation
Crystals of the ClC-Ka cytoplasmic domain were obtained at 4C by
the sitting drop vapor diffusion method. Purified protein with a concen-
tration of 5–10 mg/ml was mixed in a 1:1 ratio with reservoir solution
containing 100 mM MgCl2, 50 mM Tris-HCl (pH 8.5), and 20% PEG
4000 and was equilibrated against the reservoir. The reservoir solution
of crystals used for the high-resolution data sets and for cocrystalliza-
tion with ATP contained 100 mM KI instead of MgCl2. Crystals grew
after 2 days in space group P21 (a = 35.3 A˚, b = 83.4 A˚, c = 58.9 A˚,
a = 90, b = 92.5, g = 90) with two copies of the ClC-Ka domain in
the asymmetric unit. Heavy-metal derivatives were obtained by soak-
ing native crystals for 6 hr in mother liquor containing 1 mM methyl
mercury chloride, 1 mM Hg(II) chloride, or 300 mM KI. For cryoprotec-
tion, the crystals were successively transferred into mother liquor
containing increasing concentrations of ethylene glycol to a final
concentration of 25%, flash-frozen in liquid propane, and stored in
liquid nitrogen.
Crystallography
Data were collected on a Mar225 CCD detector (Marresearch) at the
X06SA beamline at the Swiss Light Source of the Paul Scherrer Insti-
tute and on a Mar345 imaging plate on an in-house rotating anode
(Nonius) (Table 1). The data were indexed and integrated with DENZO
and SCALEPACK and further processed with CCP4 programs (CCP4,
1994; Otwinowski and Minor, 1997). The structure of the human ClC-
Ka domain was determined by the multiple isomorphous replacement
method making use of three heavy-atom derivatives. Initial low-resolu-
tion phases were determined by the single anomalous dispersion
method from a data set from a crystal of Se methionylated protein
collected at the anomalous absorption edge of Se. The four Se sites
in the asymmetric unit were identified with the program SHELXC
and -D (Schneider and Sheldrick, 2002). The sites were refined and
low-resolution phases were calculated in SHARP (de La Fortelle and
Bricogne, 1997). These low-resolution phases allowed the identifica-
tion of heavy-atom positions in three derivatives by difference-Fourier
techniques. The heavy-atom positions were refined in SHARP, and
phases were initially improved in Solomon and subsequently by two-
fold noncrystallographic symmetry (NCS) averaging in DM (Abrahams
and Leslie, 1996; Cowtan, 1994; de La Fortelle and Bricogne, 1997). An
initial model was built into electron density of a data set at 2.6 A˚ in O
and refined in CNS using strict NCS constraints (Brunger et al.,
1998; Jones et al., 1991). The structure was subsequently refined in
a data set collected to 1.6 A˚ using CNS. Initial NCS constraints were724 Structure 15, 715–725, June 2007 ª2007 Elsevier Ltd All rsubsequently loosened, and restrained individual B factors were re-
fined using CNS (Brunger et al., 1998). The same set of reflections
(10%) was set aside for calculation of Rfree throughout the refinement.
The final model contains 2283 protein atoms, 286 water molecules,
one I ion, and three Cl ions with good geometry. All four ions bind
at the periphery of the protein and probably do not have any functional
significance. This model was used for refinement in a data set at 1.8 A˚
from a crystal grown in the presence of 5 mM ATP. The structure of the
protein in these crystals is virtually identical to the structure in the ab-
sence of ATP, and no residual density for bound ATP could be identi-
fied (Table 1). The interaction interfaces between subunits were calcu-
lated in CNS (Brunger et al., 1998).
Analytical Ultracentrifugation
Sedimentation velocity experiments were performed with a Beckman
model XL-I analytical ultracentrifuge with an An 50-Ti rotor at 4C. Dou-
ble-sector centerpieces were filled with 400 ml of protein samples and
420 ml of TBS buffer. Data were acquired at 280 nm in continuous-scan
mode in 0.003 cm intervals at a rotor speed of 40,000 rpm. Sedimen-
tation analysis of the ClC-Ka cytoplasmic domain and its mutants
F636D and A597D was performed at protein concentrations of
15 mM. For the ClC-0 cytoplasmic domain, WT protein and the domain
mutants P724R, V727R, K567A, and A766R were used at concentra-
tions of 17.5, 35, 70, and 140 mM. Data analysis was performed with
the c(S) module of Sedfit (Schuck et al., 2002). The buffer parameters,
partial-specific volume of the protein, and the corrected sedimentation
coefficients S20W were calculated by using Sednterp (Laue et al.,
1992). The S20W values for the WT ClC-Ka domain (2.34 S) and for
the mutant F636D (1.81 S) are consistent with a dimeric and a mono-
meric molecular assembly, respectively. Also in the case of the
ClC-0 domain, the S20W values for the WT ClC-0 domain at 140 mM
protein concentration (4.26 S) and for the mutant V727R at 17.5 mM
protein concentration (2.46 S) match the expected values for a dimer
and a monomer, respectively. For data used in this analysis, the root-
mean-square deviations of all the fits were between 0.005 and 0.01.
Expression of ClC-0 in X. laevis Oocytes and Western
Blot Analysis
ClC-0 from T. marmorata was cloned into the pTLN vector as a C-
terminal hexahistidine fusion protein for expression in X. laevis. Muta-
tion L741C was introduced with the QuikChange method (Stratagene)
and confirmed by DNA sequencing. After the linearization of plasmid
DNA by MluI, capped cRNA was transcribed with the mMessage
mMachine kit (Ambion) and purified with the RNeasy kit (QIAGEN).
For expression, 20 ng of RNA was injected into the defolliculated
oocytes. The oocytes were kept at 17C in Barth’s solution for
3 days after injection. Oocytes were homogenized in lysis buffer
containing 5 mM Tris-HCl (pH 6.9), 250 mM sucrose, 0.5 mM EDTA,
1 mg/ml leupeptin, 1 mg/ml pepstatin, and 1 mM PMSF. The lysate
was centrifuged two times at 100 3 g at 4C to remove large cellular
debris. For oxidative crosslinking, the supernatant containing the
membrane fraction was treated with 100 mM sodium tetrathionate
for 30 min at 4C and then separated on an 8% SDS-polyacrylamide
gel. Western blot analysis with anti-His6-peroxidase monoclonal anti-
body was performed according to the manufacturer’s instructions
(Roche Applied Science). Proteins were detected with Immobilon
western chemiluminescent HRP substrate (Millipore) and BioMax
XAR photographic film (Kodak).
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